"Hairy blobs" are unusual clumps of organic bodies and sulfate crystals that have been found in evaporite minerals grown in acid saline lakes. Here, we document modern hairy blobs in halite and gypsum from 5 modern acid saline lakes in southern Western Australia, and Permian hairy blobs trapped in halite from the mid-Permian Opeche Shale in the subsurface of North Dakota. These are among the first microbial remains described from acid saline lake environments. They give clues about the role of microorganisms in the acidity, geochemistry, and mineralogy of these extreme environments. This study also may add to the inventory of life in extreme environments and help predict possible martian life-forms and the method of preservation.
Introduction

Microorganisms documented in extreme environments
E XTREME ENVIRONMENTS HAVE BEEN STUDIED in recent decades, and life within them has been described. Although life has been documented in acid waters [mostly acid mine drainage waters (e.g., Langworthy, 1978; Ivarson et al., 1982; Baker et al., 2006) ] and in saline waters (e.g., Holmes and Dyall-Smith, 2000; Morris and Wentworth, 2000) , no comprehensive description of life in natural acid saline lakes has yet been published.
To evaluate microorganisms through geologic time, it is important to have the capability to identify them and understand how they are preserved in the rock record. Although evaporite minerals such as halite are considered highly vulnerable to dissolution and alteration through weathering and burial, recent work has shown that evaporites may be excellent repositories for microorganisms. Vreeland et al. (2000) claimed to have discovered and identified a viable halotolerant bacterium from a Permian halite crystal, which sparked a series of ongoing studies that aimed to test how halite traps and preserves microorganisms. It has been shown that microorganisms can be trapped in (Mormile et al., 2003; Timofeeff and Lowenstein, 2005) and preserved in (Satterfield et al., 2005; Schubert and Lowenstein, 2005) primary fluid inclusions in halite.
Acid saline lakes exist on the Yilgarn Craton of southern Western Australia Bension et al., 2007) . This is a rare, but natural, type of environment. The Permian acid saline lakes in the mid-continent of the United States left deposits of bedded halite, bedded gypsum/anhydrite, and red sandstones and shales (Benison et al., 1998; Benison and Goldstein, 2000) .
The purpose of this paper is to describe unusual organic features preserved in halite and gypsum from these modern and Permian acid saline lakes. Plane-light, reflected-light, and polarized-light petrography, fluorescence response, scanning electron microscopy (SEM) imaging, and laser Raman spectroscopy were used to characterize the hairy blobs and make interpretations about them. These hairy blobs likely represent a type of fossil occurrence that, until now, has not been described. Hairy blobs may provide a better understanding of the types of microorganisms that exist in acid saline waters, as well as give clues about the role microorganisms play in the geochemistry, acidity, and mineralogy of these extreme systems. Furthermore, study of these hairy blobs has implications for recognition of microbial remains in both the terrestrial and extraterrestrial rock record.
Geologic settings
Modern acid saline lakes. We have been studying the geology, geochemistry, and biology of ephemeral saline lakes and associated environments in southern Western Australia since 2001, including field observations made during 4 field seasons. At any one time point in a field season, the pH varies widely from lake to lake; of the 58 lakes we have surveyed, 21 have lake waters with pH less than 4 (some down to 1.5). Others are moderately acid (4 -6 pH), neutral (6 -8 pH), and moderately alkaline (pH Ͻ 8).
Regardless of lake water pH, the regional groundwaters are acid (pH ϳ3.5). Both lake and groundwater composition is unusual, complex, and variable through space and time. However, they are typically Na-Mg-Cl-SO 4 brines with variable, yet locally high, amounts of Ca, K, Al, Fe, Si, and Br. Sulfuric acid is the main source of low pH values . These lakes are influenced greatly by flooding, evapoconcentration, desiccation, and winds . Acid saline lake waters and shallow acid saline groundwaters precipitate halite, gypsum, hematite, goethite, jarosite, alunite, and some silicate clays. The lithologies on which these lakes are situated are variable and include highly weathered Archean granite, gneiss, schist, and amphibolite. Some acid lake waters are in direct contact with Archean bedrock. At other acid lakes, quartz-rich sand and silt host lake water.
Macroscopic life at acid saline lakes in Western Australia is of low diversity compared to that at nearby neutral and moderately alkaline saline lakes. Eucalyptus trees and salt bush are the common plants near acid lakes. Macroscopic animals, such as birds, kangaroos, and emus, do not frequent acid lakes, though their footprints are common at neutral and alkaline saline lakes. However, suspected microbial activity is common at acid saline lakes and includes features such as bubbles emitted from below the lake bottom, foam at shorelines, iridescent sheen in patches on some sand flats, and rare, gray, slimy mats on shorelines .
One of the authors (M.R.M.) and colleagues are currently studying the identification of microorganisms at extremely acid, moderately acid, neutral, and moderately alkaline lakes in southern Western Australia. Fieldwork during June of 2005 included the collection of lake water, groundwater, and sediments from these lakes for biological study. Preliminary studies have shown the presence of palynomorphs in sediments (Story et al., 2006) and bacteria and archaea (Hong et al., 2006; Mormile et al., 2007) in both sediments and lake water. It is likely that similar acidophilic microorganisms can be responsible for the hairy blobs described here.
Permian acid saline lake deposits. Mid-Permian red siliciclastics, bedded halite, and bedded gypsum/anhydrite in the mid-continental United States formed in ephemeral acid saline lakes and associated environments, such as sand flats, mudflats, and sand dunes (Benison and Goldstein, 2000) . In the northern mid-continent region, these rocks are called the Opeche Shale. Laser Raman microscopy of primary fluid inclusions in the Opeche Shale halite from the GulfRomanysyn 2-33-4B core (Billings County, North Dakota) indicates the presence of bisulfate, as well as sulfate, and pH values less than 1 (Benison et al., 1998) . Fossil evidence in the Opeche Shale is extremely rare and limited to root features seen in some red shale paleosols and the hairy blobs described here.
Comparative sedimentology and biology. Sedimentology of the modern acid saline lakes in Western Australia and Permian acid saline lake deposits has been studied to further our understanding of these extreme systems, their processes and products, and their preservation in the rock record (Benison and Goldstein, 2002; Benison et al., 2007) . Likewise, comparing the modern and ancient hairy blob microbial suspects provides clues as to how evaporites preserve ancient microfossils .
Materials and Methods
Hairy blobs were first discovered during petrographic examination of the Permian halite (Benison, 1997) . Thin sections and, more commonly, cleaved and polished crystals of halite and gypsum were examined with plane light, reflected light, and polarized light with both an Olympus SZ12 lowpower binocular microscope (up to 90ϫ magnification) and a Leitz Laborlux high-power microscope (up to 480ϫ magnification). Permian samples were initially photographed with a 35 mm film camera attached to the microscopes. Modern samples and some Permian samples were photographed using digital cameras.
UV light was also used to examine samples. Due to encouraging results for in situ UV-vis fluorescent imaging detection of bacterial colonies in Antarctic sandstone (StorrieLombardi, 2005) , deep sub-ocean basalts (Fisk et al., 2003) , and halite crystals (Mormile and Storrie-Lombardi, 2005) , one of us (M.C.S.L.) developed a multiple-excitation UV-vis imaging system for in situ evaluation of samples. System protocol is such that, for initial screening, samples are simultaneously illuminated with a Leitz microscope in both transmission and reflectance mode. Transmission light is broadband xenon, and reflectance illumination is a 450 nm Nichia LED incident at 45°. Subsequent to acquisition of the dual illumination screening image, an emission-blocking filter is introduced to attenuate light from the sample with wavelengths Ͻ500 nm, and the sample is then sequentially illuminated with 400, 390, and 365 nm light from a series of Nichia LEDs all incident at 45°. The resulting images are normalized and co-registered in a multispectral cube with imageJ software developed by NIH or ENVI™. The strategy makes possible the rapid detection of biofilms, bacterial polysaccharide coatings, chlorophyll, and the degradation products of these molecules (Table 1) .
Scanning electron microscopy (SEM) was conducted with a JEOL JSM-840A scanning microscope. Samples included hairy blobs within halite chips and 3 hairy blobs extracted from host halite. Elemental analyses were performed with the electron dispersive spectroscopy (EDS) system on this SEM. Some samples were coated with gold in preparation for SEM. Samples analyzed with both SEM and EDS were coated with carbon.
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Laser Raman microspectroscopy (LRM) was employed to identify some chemical characteristics of the hairy blobs. In LRM, a visible monochromatic laser beam is focused through a microscope objective at a sample as small as 1 micron. The laser induces scattering in an excitation volume of approximately 1 cubic micron. In a small portion of the scattering events, energy changes are correlated with the energies of specific vibrational modes of the covalent bonds in the sample. This inelastically scattered (i.e., Raman-scattered) light component is collected through the same objective used for viewing and is transmitted through a monochromator to a photon detector. The Raman spectrum shows the intensity of the scattered photons as a function of their shift in frequency with respect to the frequency of the exciting laser. Thus, LRM can be used to identify specific covalent bonds in a solid, liquid, or gas sample. Because halite is composed of ionic bonds, there is no background noise with the use of LRM to analyze "foreign" objects such as inclusion fluids, accessory sulfate minerals, or hairy blobs in halite.
A multichannel Jobin-Yvon S-3000 laser Raman microprobe (equipped with a 514 nm argon laser) was used for preliminary study of some of the Permian hairy blobs. Additional Permian hairy blobs and modern hairy blobs were analyzed with a multichannel Kaiser Optical System, Inc. Holoprobe (equipped with a 785 nm laser). Samples were analyzed non-destructively and in situ in unmounted pieces of halite and gypsum.
Three hairy blobs were extracted from a Permian halite host crystal by dissolution in distilled water. The hairy blobs were photographed before extraction. The parent halite was cleaved with a razor blade to a small chip (approximately 12 mm long ϫ 3 mm wide ϫ 0.5 mm thick) to isolate the hairy blobs as much as possible. Then the halite sample that contained the hairy blobs was put in a sterile test tube with 0.5 mL doubly distilled water. After the halite dissolved, the less dense hairy blobs floated to the top of the water. Much of the water was carefully decantered off; and the 3 visible hairy blobs, crystal remains, and a small amount of excess water were poured onto a sterile petri dish. These were then examined petrographically by microscope and by SEM.
Results
Modern hairy blobs
Location. At least 45 hairy blobs have been found so far in halite and gypsum growing in 5 acid saline lakes in southern Western Australia (Figs. 1 and 2) . We have documented hairy blobs in chevron and cumulate halite crystals growing in Cumulate Raceway, Lake Prado, Twin Lake East, and Twin Lake West. Bottom-growth swallowtail gypsum crystals from nearby Aerodrome Lake also contain hairy blobs (Figs. 1B and 2). These lakes are all ephemeral acid saline lakes, with pH values of 2.5-3.0 at the times that these evaporite minerals were collected. Although moderately acid, neutral, and moderately alkaline lakes also exist in the region, we have found hairy blobs only in the evaporites from the extremely acid lakes.
All modern hairy blobs have been found along primary fluid inclusion assemblages that define growth bands in their host halite or gypsum ( Fig. 2A) . Most hairy blobs are in bottom-growth evaporite minerals, including chevron halite crystals and swallowtail gypsum crystals, which grow from the floor of the lake upward into the shallow lake water (maximum depth ϳ0.5 m). A few modern hairy blobs have been found in cumulate halite crystals, which grow on the water-air interface and eventually sink to the lake bottom. The hairy blobs are trapped as solid inclusions or within primary fluid inclusions, or both, in growth bands in the evaporite crystals (Fig. 2) .
In reflected light, the dull metallic luster of the hairy blobs makes them easy to distinguish from the halite and gypsum host crystals. More detailed petrography was conducted with transmitted plane and polarized light.
Size and shape. Most modern hairy blobs are composed of a cluster of thin, radiating "hairs" (Fig. 2 ). Many have a central opaque, dark core from which hairs extend. We determined the size of each hairy blob by measuring the size of the entire cluster, from the outermost hair end on one side, through the central mass, to the end of the hairs of the opposite side. Individual modern hairy blobs range in size from 0.05 mm to 1.5 mm in diameter.
We found that there is greater variation in the modern hairy blobs than in the Permian ones (compare Figs. 2 and 3). Shape and size vary depending upon (1) host mineralogy (halite or gypsum), (2) preservation type (as solid inclusion or in fluid inclusion), and (3) the presence or absence of sulfate minerals.
Hairy blobs in gypsum have a more stringy or branching appearance (Fig. 2G, 2H ) than do the more rounded hairy blobs in halite. A few do have a dark core; however, most have a tangled-looking core from which the long hairs ex- tend. In gypsum, these hairy blobs are between 0.3 and 0.9 mm in diameter. They are also found in groups, unlike the more common isolated hairy blobs in halite (Fig. 2B, 2C, 2E) . In halite, many hairy blobs have a spherical central dark core, but a few have more oblong-shaped cores. Some hairy blobs have short, thin hairs; others have long, thin hairs. Some hairs are straight; others are curved. Some hairy blobs have only a few radiating hairs. Some hairy blobs are not "hairy" at all but, instead, are clumps of dark spheres (Fig.  2F ). In general, the larger hairy blobs are isolated, and the smaller ones tend to be found in groups. In halite, hairy blobs are commonly found in close proximity to solid inclusions of accessory sulfate minerals.
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Association with accessory sulfate minerals. Polarized light petrography showed that the modern halite contains some tiny (micron-to millimeter-scale) birefringent crystals. X-ray diffraction and LRM of some of this halite showed that the majority of these accessory crystals are gypsum. The hairy blobs, themselves, showed no birefringence.
We estimate that ϳ40% of the modern hairy blobs in halite are in close proximity to some accessory minerals. Some of these hairy blobs are isolated ones with a halo of several accessory minerals surrounding them. These hairy blobs seem to include the ones with the longest hairs. Some of the hairy blobs take on the shape of accessory minerals by surrounding them. These include clumps of small hairy blobs with relatively few hairs that are in direct contact with an accessory crystal.
Association with fluid inclusions. Although many hairy blobs are solid inclusions, we have found several primary fluid inclusions in halite that contain hairy blobs (Fig. 2E ). The largest modern hairy blob we have documented is one that fills and extends from a 120-micron fluid inclusion. Some other inclusions appear as opaque cubic shapes aligned with abundant clear cubic primary fluid inclusions (Fig. 4E1 ). These opaque cubic shapes fluoresce under UV light microscopy. We have found no hairy blobs in fluid inclusions in gypsum.
Ultraviolet light microscopy. Two halite slices from Prado Lake and 1 halite sample from Twin Lake West were evaluated with UV microscopy. One of the samples from Prado Lake contained an inclusion that was completely filled by a hairy blob and did not have any extensions (Fig. 4E1 ). When examined with UV light, the hairy blob fluoresced and other hairy blobs become apparent (Fig. 4E2) .
Twelve halite inclusions and 3 hairy blobs were evaluated with multiband fluorescence and dual incidence (transmission and 45°angle epi-illumination). All 3 hairy blobs ex- Scanning electron microscopy. Scanning electron microscopy showed features that differ from basic petrographic observations (Fig. 5) . Two hairy blobs in halite from Twin Lake West were examined by SEM. At ϳ750ϫ magnification, each hairy blob appeared as a mass of randomly oriented, bladed crystals. These crystals were approximately 4-50 microns long. Many pore spaces were observed between these crystals, though we cannot dismiss the possibility that they were artifacts of SEM preparation. At ϳ2000ϫ magnification, cubic crystals, bladed crystals, and irregular shapes could be seen. At magnification of ϳ10,000ϫ and higher, textures seen included (1) meniscus shapes at the base of, and draping between, elongated crystals (Fig. 5D) , (2) hollow tubes, (3) bent rods, and (4) unidentified spheres (Fig. 5F ). At ϳ35,000ϫ magnification, the crystal faces did not appear flat but had a lumpy texture.
Laser Raman microscopy. Eleven hairy blobs in halite from Twin Lake West and Prado Lake were analyzed with LRM (Fig. 6) . All resulting Raman spectra show a broad peak. In most spectra from hairy blobs in halite, the peak is at 1384.1 cm Ϫ1 wavelength, but some hairy blobs have a LRM peak at 1307.3 and 1388.1 cm Ϫ1 wavelengths (Fig. 6B ). All these peaks are steeper on the lower wavelength side (less than ϳ1380 cm Ϫ1 ) and gently slope in the higher wavelength side. Several LRM spectra have a second smaller peak at ϳ1546 cm Ϫ1 wavelength.
Spectra generated when the laser was focused on the hairy blob cores show only this broad double peak, while spectra generated when the laser was focused on the surrounding host halite show no trace of the broad double peak. Because LRM detects covalently bonded compounds and halite contains only ionic bonds, no background signal was detected from the halite host.
Two hairy blobs from gypsum from Aerodrome Lake were analyzed with LRM. Raman spectra contain a broad peak at 1388.1 cm Ϫ1 wavelength, as well as sharp peaks attributed to the gypsum host crystals (Fig. 6C) .
Broad, but low, double peaks at ϳ1850 cm Ϫ1 and ϳ1960 cm Ϫ1 are present in all spectra from this particular laser Raman microprobe and are considered an instrument artifact (Fig. 6B, 6C ).
Permian hairy blobs
Location. At least 60 hairy blobs have been observed so far in bedded halite from 7411Ј to 7412Ј depth in GulfRomanysyn 2-33-4B core from Billings County in southwestern North Dakota (Fig. 1A) . This unit of bedded halite was the only one in the core that had negative pH fluid inclusions (Benison et al., 1998) . The core sample examined is approximately one-third of a 6-inch diameter core (Fig. 1A) . We calculated that the volume of halite that contained at least All Permian hairy blobs were found in chevron halite crystals, which, in modern evaporite settings, grow upward from the sediment surface in shallow (less than ϳ1 meter depth) water. The hairy blobs are trapped as solid inclusions or within primary fluid inclusions, or both, in growth bands in the chevron crystals (Benison and Phillips, 1999) .
Like modern hairy blobs, their Permian counterparts have a dull metallic luster in reflected light, which contrasts starkly with their halite host.
Size and shape. Each Permian hairy blob is composed of a central opaque, dark core from which hairs extend (Fig. 3) . We determined the size of each hairy blob by measuring the size of the entire cluster, from the outermost hair end on one side, through the central mass, to the end of the hairs on the opposite side. Individual Permian hairy blobs range in size from 0.02 mm to 1.5 mm in diameter. Individual hairs can extend almost 3 times the size of the central mass.
As with the modern hairy blobs, we found that no two Permian hairy blobs look exactly alike. There is some variation in both the central masses and the hairs. Most hairy blobs have a spherical central dark core (Fig. 3C, 3D , 3G, 3K), but a few have more oblong-shaped cores (Fig. 3E) . Some hairy blobs have short, thin hairs (Fig. 3D) ; others have long, thin hairs (Fig. 3C, 3K ). Some hairs are straight, others have kinks (Fig. 3L) , and a few are curved. These hairs appear to radiate outward from a central point. Some hairy blobs have many hairs that radiate in all directions, but others have only a few hairs that form star shapes. Some of the longest hairs are oriented in subparallel groups that extend from the cores at 90°angles to each other, seeming to follow the cleavage planes of the halite (Fig. 3K) .
Isolated versus clusters. Most Permian hairy blobs are single and isolated from other hairy blobs. Some hairy blobs are found in small clusters, however, where 3 or more are situated in close proximity to one another (Fig. 3F, 3G, 3H ). Isolated hairy blobs outnumber the clusters by approximately 3:1. We also noted that the isolated hairy blobs tend to have longer hairs than the hairy blobs in clusters.
Association with accessory sulfate minerals. Polarized light showed that the host halite chevron crystals contain abundant, tiny (micron-to millimeter-scale) birefringent crystals of varying relief (Fig. 3B) . Chevron halite from other beds in this core do not contain as many accessory minerals (Edwards and Benison, 1999) . X-ray diffraction and LRM results indicate that the majority of these accessory crystals are gypsum and anhydrite. Besides halite, some polyhalite [K 2 MgCa 2 (SO 4 ) 4 и 2H 2 O] was identified with X-ray diffraction in the thin, white, microcrystalline salt crusts that bound the chevron beds ( Fig.  1 ; Benison, 1997) . Some crystals showed hexagonal shapes under high-power microscopy. The tiny size of some of these accessory crystals made them difficult to identify. The hairy blobs, themselves, showed no birefringence.
We estimate that ϳ90% of the Permian hairy blobs are in close proximity to some accessory minerals. The majority of hairy blobs are isolated ones that have a halo of several accessory minerals surrounding them (Fig. 3E) . These hairy
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FIG. 6. Raman spectrum of hairy blobs in acid saline lake evaporites. (A) Raman spectrum of 2 hairy blobs in bedded halite from the mid-Permian Opeche Shale from the subsurface of North Dakota. Modified after Benison (1997) . (B) Raman spectrum of 3 hairy blobs in bottom-growth halite crystals from Lake Prado, Western Australia. (C) Raman spectra of one hairy blob in bottom-growth gypsum crystal from Aerodrome Lake, Western Australia. blobs seem to include the ones with the longest hairs. Some of the hairy blobs take on the shape of accessory minerals by surrounding them (Fig. 3F, 3H ). One hairy blob has tiny beads of anhydrite at the end of 2 hairs (Fig. 3N) .
Association with fluid inclusions. Although most hairy blobs are solid inclusions within the halite, some are within primary fluid inclusions in the chevron halite. These hairy blobs take up most of the space within the cubic fluid inclusion and have hairs that extend away from the fluid inclusion (Fig. 3I, 3J ). Some hairy blob clusters seem to be in contact with accessory minerals and a fluid inclusion.
Removal from halite. Three hairy blobs were extracted from the Permian halite by dissolving the halite host. They kept their shape and were petrographically and chemically similar to the hairy blobs examined in situ.
Ultraviolet light microscopy. Three Permian hairy blob targets, all from 7411Ј6Љ depth in the Gulf-Romanysyn 2-33-4B core, were evaluated with UV microscopy. Figure 4 depicts the screening images (white light transmission / 450 nm epiillumination) and fluorescence at other excitation wavelengths of both the Permian and modern hairy blobs examined with this technique. One Permian hairy blob exhibited no fluorescent response, regardless of excitation wavelength (Fig. 4A1, 4A2) . A Permian hairy blob trapped in a fluid inclusion exhibited a brilliant, smooth, highly reflective coating of unknown etiology, strongly reflecting 450 nm light. Subsequent excitation at 400, 390, and 365 nm with emission filter in place documented a fluorescence response from some of the fluid inclusion (Fig. 4B1, 4B2) . The protruding hairs, however, absorbed all wavelengths employed. Within 1-2 mm of the targets, multiple inclusions and dense, undifferentiated masses were noted with more than 80% exhibiting either pinpoint (inclusions) or diffuse (undifferentiated masses) reflectance and fluorescent responses for blue-UV excitation. Figure 4C depicts the screening response to dual illumination and the fluorescent response following 400nm excitation for a Permian sample, including primary fluid inclusions and hairy blobs trapped as solid inclusions.
Scanning electron microscopy. Six Permian hairy blobs from halite at 7411Ј6Љ depth were observed under SEM (Fig.  5A , 5B, 5C). At ϳ750ϫ magnification, the core of each hairy blob appeared as a mass of randomly oriented, bladed crystal shapes that cannot be observed with basic petrography. These crystals were approximately 10-50 microns long. Many pore spaces could be seen between these crystals, but the spaces may have been created by SEM preparation. At ϳ2000ϫ magnification, cubic crystals, bladed crystals, and irregular shapes could be seen. At magnification of ϳ10,000ϫ and higher, textures seen include (1) meniscus shapes at the base of, and draping between, elongated crystals (Fig. 5B) , (2) hollow tubes (Fig. 5C) , and (3) bent rods. At ϳ35,000ϫ magnification, the crystal faces did not appear flat but had a lumpy texture (Fig. 5A) .
Laser Raman microscopy. Six Permian hairy blobs were analyzed with LRM. All resulting Raman spectra show a broad double peak (at ϳ1336-1357 cm Ϫ1 and ϳ1567-1597 cm Ϫ1 ). Spectra generated when the laser was focused on the hairy blob cores show only this broad double peak, while spectra generated when the laser was focused on a single hair also show peaks for anhydrite.
SEM-EDS analyses. SEM-EDS analyses detected some elemental composition for the hairy blobs. In general, peaks detected for sodium and chloride were common. As expected, these were the only peaks detected in analysis of the host halite. Analysis of a spherical shape within a hairy blob core resulted in peaks for sodium, chloride, calcium, aluminum, magnesium, silica, potassium, and manganese. SEM-EDS of the lumpy-textured crystals and rod shapes detected strong sulfur and calcium peaks, as well as smaller peaks for sodium, chloride, aluminum, silica, potassium, magnesium, and manganese.
Discussion
What are these hairy blobs?
Possible contamination must be taken into consideration in any study of organic matter. We are confident that the hairy blobs described here are not the products of contamination. They were all found along primary growth bands in depositional evaporite minerals, in and closely associated with primary acid fluid inclusions. Despite careful petrographic scrutiny, none were found in associated early diagenetic evaporites or in depositional evaporite crystals precipitated from non-acid lakes present in both the modern and Permian deposits. This strongly suggests that the hairy blobs are unique to acid lake waters. This specific occurrence of hairy blobs would be highly unlikely if they were caused by lab contamination. In addition, the hairy blobs were studied in situ by all methods, except for the 3 blobs that, after all other analyses, were extracted from halite for SEM observation.
The combination of geologic setting and petrographic and chemical characteristics suggests that these hairy blobs are clumps of minerals and organic matter that may represent microbial remains. In particular, we've interpreted the cores as organic material and sulfate accessory minerals and the hairs as organic material. We cannot unequivocally conclude that hairy blobs were made by microorganisms living in the acid saline lakes. Nevertheless, the various data together strongly suggest that they were. For this reason, we call these "microbial suspects." Furthermore, we propose that the hairy blobs were the result of biogeochemical reactions. It is likely that microorganisms played a role in the acidity and mineralogy in these acid saline lakes.
Why organic material?
The LRM spectra of the hairy blobs are dominated by a wide, usually double peak that was identified as disordered graphite for the initial LRM spectra of the Permian hairy blobs (Benison, 1997) . Our spectra are similar to some published Raman peaks for carbonaceous material Roberston, 2000, 2001; Schopf et al., 2002) . Although such spectra have been interpreted as unambiguous evidence of organic carbon by some (Schopf et al., 2002) , others have argued that inorganic carbon also produces some similar LRM spectra (Pasteris and Wopenka, 2002a , 2002b . Another challenge of identifying carbonaceous material by LRM is that, because carbonaceous material is highly vulnerable to heat, pressure, and decay, its spectral characteristics also vary Robertson, 2000, 2001) . Pasteris and Wopenka (2003) stated that LRM work is "necessary, but not sufficient" in the identification of microbial fossils in the rock record. We acknowledge that the interpretation of such Raman spectra is difficult. However, it is important to note that these resulting spectra with a broad double peak do not correspond to known minerals. They more closely match Raman spectra of carbonaceous material than any other documented materials.
We considered the possibility that the hairy blob carbonaceous material may be a mineral form, such as graphite. However, the LRM did not show spectral characteristics of ordered graphite. SEM images did not show features of graphite, either. We also considered and dismissed the possibility of the acid mineral schwertmannite as the sole explanation for hairy blobs. Although schwertmannite has a somewhat similar morphological appearance (see Bigham and Nordstrom, 2000, p 368) , our data lack any spectral or SEM similarities with schwertmannite. Although we cannot interpret the LRM spectra alone as evidence that the hairy blobs contain microbial remains, we are confident that the spectra do show some form of carbon.
Epifluorescent response following ultraviolet excitation of unsaturated ring structures, such as the amino and nucleic acids, is arguably the single most sensitive method for in situ detection of living microorganisms or their waste products (Storrie-Lombardi et al., 2001) . Across geological timescales, the cross-linking and loss of double bonds gradually move the excitation optima to longer and longer wavelengths. Biomolecules required for metabolic activity are larger, more complex, and dissipate photon energies much more effectively than do the amino and nucleic acids probed by deep UV excitation (ϳ220 to 254 nm). The result is a shift in molecular absorption maxima and fluorescence emission to longer wavelengths. Table 1 provides a partial listing of the longer wavelength UV-to-blue emission and excitation maxima for the most ubiquitous metabolically active biomolecules found in terrestrial microbial and macroscopic life. Of particular interest are the photosynthetic targets available and the presence of flavins and NADH. These molecules all alter fluorescence characteristics as a function of shifts in redox state or as a function of changes in rate of metabolism, hydration, or damage from photobleaching. As such, they offer a mechanism for using epifluorescent response as a probe not only for the detection of living systems, but as a method for evaluating metabolic integrity.
The UV-vis native fluorescent response of both modern and Permian halite inclusions to excitation at multiple wavelengths is particularly intriguing as we begin exploration of increasingly extreme environments here on Earth and other terrestrial planets. The halite milieu provides an excellent preservation mechanism, but determining which of numerous candidates contains microbial life is often difficult unless the species exhibits a color response to visible reflected light distinct from other microbes and organic debris in the field of view. The fluorescence and even the reflective response to epi-illumination dramatically eases the pattern detection task.
Modern and Permian targets exhibited a differential fluorescence response. While all of the modern samples fluoresced at all excitation wavelengths, only 1 of the 2 Permian targets exhibited a fluorescent response, and that was confined to a smooth coat that covered most of the exterior of the hairy blobs and tightly surrounded the base of the hairs. Both the dark cores and the hairs absorbed all incident wavelengths, a characteristic response of kerogenaceous material that has experienced loss of double-bond structures and extensive molecular cross-linking. In the future, we will catalog the frequency of such coating phenomena and attempt to understand the composition and etiology of the structure. If it is organic in nature, as the ready response to minimal excitation seems to indicate, it may constrain estimates on the protective capability or the integrity of the halite preservation process. If it is of ancient origin and was trapped with the organism, then it attests to the preservation capability of the halite system. On the other hand, if the coating phenomenon is of recent origin, the implication is that the system could not sustain itself in the face of some unspecified environmental shift. In either case, the appearance of the coat and its ready illumination provide a useful probe for investigating the halite history and evolution.
SEM images contain features that are consistent with the presence of microorganisms. Meniscus textures, hollow tubes, bent rods, and rounded lumpy textures coating crystals all suggest deposition by microorganisms.
Consultation with various biologists and paleontologists allowed us to rule out many types of microfossils. Based upon plane-light microscopy, we dismissed pollen, spores, forams, diatoms, and sponges (S. Bozarth, R. Folk, G. Hecht, C. Maples, F. Oboh-Ikuenobe, T. Stanley, T. Taylor, R. Wicander, personal communication). The sizes and shapes of the hairy blobs agree with the criteria for recognizing bacterial colonies (T. Beveridge, personal communication) .
Why acidophilic microorganisms?
Hairy blobs are situated along growth bands in halite and gypsum as both solid inclusions and within primary fluid inclusions, which indicates that they were trapped as the evaporite minerals grew. We witnessed the modern halite and gypsum from Western Australia growing from shallow acid saline lake waters at the time we collected the samples. Detailed sedimentological and geochemical study of the Permian halite from the Opeche Shale strongly suggests that it also formed from shallow acid saline lake waters. Therefore, these hairy blobs existed in acid saline lakes.
Could these hairy blobs have been transported into the lakes by flooding or wind? Because flooding and wind both play a role as important sedimentary processes in and near the acid saline lakes, we considered this possibility. However, the hairy blobs are not associated with dissolution surfaces or dissolution pipes in halite formed during flooding events. The hairy blobs are also not found in sediment layers deposited in the lakes during flooding events. For these reasons, transportation of hairy blobs into this environment by flooding is unlikely. Wind can carry fine-grained sediments into the lake waters. These eolian sediments in Western Australia include quartz grains, as well as reworked gypsum and halite clasts. The accessory minerals, commonly gypsum/anhydrite, in contact with some hairy blobs, do not appear to be reworked clasts. They are euhedral, monominerallic crystals aligned along halite growth bands. This sug-
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gests that the accessory minerals most likely precipitated directly from the lake water. Therefore, the relationship between the sulfate accessory minerals and the hairy blobs suggests that the hairy blobs also formed in the acid saline lakes. Finally, some hairs extend from fluid inclusions in halite and are oriented in subparallel strands at 90°angles to one another. This suggests that some of the microorganisms living in the lake waters were trapped in fluid inclusions while still alive and even continued to grow while the halite host precipitated around them.
Slight differences in occurrences and appearances of hairy blobs in modern and Permian halite and in modern gypsum may be secondary evidence of origin in acid saline lakes. The more rapid growth of halite, as compared to that of gypsum, may account for hairy blobs trapped within primary fluid inclusions in halite, but not in gypsum. Rapid host mineral growth also may favor entrapment of larger, isolated hairy blobs observed in halite compared to the groups of stringier hairy blobs with poorly developed cores found in gypsum. The faster-growing the mineral, the more likely it would trap complete, and even still-living, organisms. Minor differences in water pH and geochemistry from lake to lake also may explain the variety of forms of hairy blobs. For example, the Permian hairy blobs are closely associated with negative pH fluid inclusions, and the modern hairy blobs are in evaporates that grew in ϳpH 2.5-3.0 lake waters. Perhaps the Permian and modern hairy blobs contained acidophilic microorganisms specific to their respective pH conditions.
Our documented occurrence of hairy blobs in only acid lake-precipitated halite and gypsum provides crucial clues that the hairy blobs were dependent upon specific low pH values. Eleven distinct stratigraphic units of bedded halite that contain chevron crystals were described in the GulfRomanysyn 2-33-4B core of the Opeche Shale (Benison, 1997; Benison and Goldstein, 2000) . All eleven units contained primary fluid inclusions with pH values less than 1. However, only one unit, the only one with hairy blobs, contained negative pH fluid inclusions (Benison et al., 1998) . In addition, no hairy blobs have been found in halite precipitated by neutral and moderately alkaline lakes in close proximity to the hairy blob-bearing acid lakes in Western Australia. This close relationship between low pH waters and hairy blobs strongly suggests that they were some type of acidophilic Soxidizing bacteria or archaea.
Why biogeochemical interactions?
With plane-light and polarized microscopy, we documented sulfate minerals (mostly gypsum and anhydrite) in (1) halos surrounding the hairy blobs, (2) as tiny "beads" at the end of rare "hairs," and (3) as cores around which some hairy blobs cluster. Many bacteria are commonly surrounded by calcium ions because they have negatively charged cell walls (Rosen, 1987; Beveridge, 1989) . If the dark spherules and hairs are bacterial, this halo of calcium ions in the presence of the sulfate-rich acid lake waters may account for the gypsum/anhydrite beads at some hair ends, as well as the gypsum/anhydrite halo crystals.
At a larger scale, SEM and SEM-EDS results suggest that the hairy blobs are clumps of crystals and microbial remains. SEM-EDS results indicate sulfate minerals such as gypsum or anhydrite, as well as some tiny crystals of other sulfate or chloride minerals. Features consistent with organic or microbial origin, together with acid water and sulfate minerals, suggest that the microorganisms may have been contributing to the geochemistry of the waters and precipitation of minerals. Because the hairy blobs are found in close proximity to sulfate minerals, it may be likely that they formed by some acidophilic S-oxidizing bacteria or archaea.
Why have hairy blobs not been noted previously?
It is likely that acidophilic microorganisms not only lived in ancient acid saline lakes but live in modern ones as well. However, acid saline lakes that are not associated with massive sulfide mine drainage or volcanism are relatively new to scientific study; and their physical, chemical, and biological characteristics are just starting to be described (e.g., Long and Lyons, 1990; Bowen and Benison, 2006; Benison et al., 2007) . Preliminary microbiological surveys have shown that there is a diversity of microbial life found in some of the Western Australian acid lake waters Hong et al., 2006) . Recognizing ancient acidophilic microbes trapped in the rock record presents challenges due to (1) possible poor preservation, (2) rarity of acid environments, and (3) possible evolution and extinction of acidophilic microorganisms through geologic time.
Implications
The recognition, identification, and understanding of life in acid saline environments add to our inventory of life on Earth. Extreme environments still hold many biological secrets. Increasing our knowledge about life in extreme environments will provide us with an improved understanding of the limits of life. Acid saline lakes are one such type of poorly understood extreme environment. Preliminary data suggest that novel species, uniquely adapted to these unusual geochemical conditions, may exist here (Hong et al., 2006) . Enhanced understanding of the role microbes play in acidity, geochemistry, and mineralogy is another important contribution of this continuing study.
The hairy blobs present us with new knowledge about how fossils can be preserved in the rock record. Evaporite minerals have traditionally been dismissed as possible repositories for fossil remains. In addition, the presence of abundant hematite (as both a chemical precipitate and an early diagenetic feature) in acid saline environments is due to strongly oxidizing conditions, which usually promote decay of organic material and lead to poor fossil preservation. In fact, evaporites may give excellent preservation to the remains of specific organisms by sealing them quickly after they die (or even before) and protecting them from the oxygen of the atmosphere. Much of the halite and gypsum in acid saline environments gets coated with hematite, which further protects these minerals from dissolution by more dilute waters during later flooding events.
In recent years, there has been an increased effort by the scientific community to search for possible extraterrestrial life (e.g., Cady et al., 2003) . Because acid saline environments are excellent analogues for some past environments on Mars (Benison and LaClair, 2003; Squyres et al., 2004a Squyres et al., , 2004b Benison, 2006; Benison and Bowen, 2006) , this study of hairy blobs provides some clues about how any potential past lifeforms may have been preserved in reworked evaporite grains of the lithified strata on Mars. Sumner (2004) concluded that such a terrestrial or extraterrestrial acid environment would have a poor preservation potential for any microorganisms that lived there, citing the oxidizing conditions represented by the abundant hematite. As demonstrated in this study, however, these environments may preserve microfossils in unusual ways. Our study of hairy blobs suggests to us that evaporites may, in fact, be an excellent microfossil repository.
Recognizing microfossils, especially those from past extreme environments, can be difficult. We propose that a coregistration of morphological study (e.g., Cady et al., 2003) and chemical analyses (e.g., Schopf et al., 2005) is the best approach for this challenging endeavor, regardless of whether the host rocks are terrestrial or extraterrestrial.
Conclusions
Hairy blobs are unusual bodies that consist of tiny sulfate crystals and organic matter that may represent microbial remains. They were trapped in halite and gypsum as it precipitated from acid saline lake waters, and they seem to be unique to these environments. The similarities between modern and Permian hairy blobs show that ancient halite can preserve microbial remains. This study makes contributions to the understanding of life in extreme environments, as well as holds clues for the search for possible past life on Mars.
